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Introduction {#sec005}
============

Mitral annular calcification (MAC) is a chronic degenerative process of the fibrous skeleton of the mitral ring \[[@pone.0227753.ref001]\]. MAC was considered a benign, incidental finding in elderly women and those with chronic kidney disease \[[@pone.0227753.ref002],[@pone.0227753.ref003]\]. However, growing evidence shows that MAC is associated with cardiovascular morbidity and mortality \[[@pone.0227753.ref004]--[@pone.0227753.ref009]\]. Previous cohort studies suggested that MAC was associated with stroke \[[@pone.0227753.ref010]--[@pone.0227753.ref012]\]. MAC was independently associated with aortic atheroma and coronary artery disease \[[@pone.0227753.ref013],[@pone.0227753.ref014]\]. The MESA study showed a strong correlation between atrial fibrillation and MAC and increased risk of atrial fibrillation in patients with MAC progression \[[@pone.0227753.ref015],[@pone.0227753.ref016]\]. In addition, MAC is suggested as a possible nidus for infective endocarditis and associated vegetation that would increase risk of stroke \[[@pone.0227753.ref017]\]. Some studies, however, suggest an association between MAC and stroke as resulting from shared risk factors \[[@pone.0227753.ref018],[@pone.0227753.ref019]\].

In this study, we hypothesized that MAC associated with stroke would have distinctive characteristics compared to quiescent, benign MAC. Therefore, we aimed to explore if structural and functional characteristics of MAC are associated with stroke and suggest high-risk features as scores to facilitate risk stratification for stroke in MAC patients.

Materials and methods {#sec006}
=====================

Study population {#sec007}
----------------

The study population comprised 460 patients with incidentally diagnosed MAC from transthoracic echocardiography from 2012 to 2016 from Severance Cardiovascular Hospital, Seoul, Korea. To define characteristics of MAC associated with stroke, patients were classified into two groups according to previous history of stroke \[Group 1 (n = 366): without stroke; Group 2 (n = 94): with stroke\]. Pertinent clinical data were obtained retrospectively from electronic medical records. Patients with severe aortic stenosis or rheumatic valve disease were excluded from this analysis. Clinical medical history was based on medical records including history of stroke, infective endocarditis, hypertension, diabetes mellitus, atrial fibrillation, dyslipidemia, hypertrophic cardiomyopathy, end stage renal disease, coronary artery disease, and congestive heart failure. Stroke was defined as rapidly developed clinical signs of focal neurological deficit lasting 24 hours or leading to death with no evidence of other than vascular origin \[[@pone.0227753.ref020]\]. History of infective endocarditis was defined as previous images of vegetation and medical records that satisfied Duke Criteria. Blood pressure and plasma laboratory results were acquired on the same day as echocardiography. Estimated glomerular filtration rate was calculated using the Modification of Diet in Renal Disease Study equation \[[@pone.0227753.ref021]\]. Patients were classified into two groups according to previous history of stroke to compare morphological and functional characteristics of MAC in patients with or without stroke. All strokes occurred within 3 years prior to echocardiography. The Institutional Review Board of Severance Hospital approved the research.

Echocardiography {#sec008}
----------------

All patients underwent comprehensive two-dimensional echocardiography with Doppler. Chamber size and diastolic function were assessed according to current guidelines \[[@pone.0227753.ref022],[@pone.0227753.ref023]\]. MAC was defined as an intense echocardiographic-producing structure with highly reflective characteristics that was located at the junction of the atrioventricular groove and the posterior or anterior mitral leaflet on parasternal long axis, apical 4- or 2-chamber, or parasternal short axis view, as described in previous study \[[@pone.0227753.ref011],[@pone.0227753.ref018]\]. Characteristics of MAC were assessed comprehensively on the basis of five parameters--thickness, extent of MAC, presence of mobility, presence of typical echodense mass with central areas of echolucencies suggesting caseous necrosis, and functional stenosis. The thickness of MAC was measured from the leading anterior to the trailing posterior edge at its greatest width \[[@pone.0227753.ref018]\]. Extent of MAC was assessed by involvement of the posterior or anterior annulus only or bilateral annuli. Mobility of MAC was defined as any portion of MAC with independent mobility from the mitral annulus. Caseous necrosis of MAC was defined as in previous studies--large, round, echodense mass with smooth borders situated in the periannular region, without acoustic shadowing artifacts and containing central areas of echolucencies resembling liquefaction \[[@pone.0227753.ref024],[@pone.0227753.ref025]\]. Continuous-wave Doppler was used to measure peak and mean transvalvular mitral gradients across the mitral valve to determine presence of functional stenosis. Functional mitral stenosis was diagnosed if increased transvalvular mean gradient (≥ 5 mmHg) was associated with MAC without severely restricted leaflet tips \[[@pone.0227753.ref026]\]. [Fig 1](#pone.0227753.g001){ref-type="fig"} shows representative echocardiographic images of MAC in patients with or without previous history of stroke. Characteristics of MAC were scored according to presence of typical echodense mass with central areas of echolucencies suggesting caseous necrosis, mobility, and functional mitral stenosis (from minimal 0 to maximal 3 points).

![Representative cases.\
**A)** MAC in a patient without previous history of stroke: MAC is encircling the posterior mitral annulus without a mobile component, caseous necrosis, or functional stenosis. The MAC score of the patient is 0. **B)** MAC in a patient with previous history of stroke: Extent of MAC is similar to that in patient A; however, caseous necrosis of MAC (large, round, echodense mass with central areas of echoucencies) is noted at the posterior mitral annulus. The MAC score of the patient is 1. The arrow indicates caseous necrosis of MAC. **C)** MAC in a patient with previous of history of stroke: MAC is encircling the posterior annulus and has an attached mobile component. The MAC score of the patient is 1. The arrow indicates mobile components of MAC. **D)** MAC in a patient with previous of history of stroke: Flow acceleration is observed across the MV, and MAC is the encircling posterior annulus. Doppler image shows increased MDPG (5.7 mmHg, HR: 50 bpm). The MAC score of the patient is 1.](pone.0227753.g001){#pone.0227753.g001}

Statistical analysis {#sec009}
--------------------

Clinical and echocardiographic characteristics were compared between groups 1 and 2. Continuous variables were recorded as mean ± SD and categorical variables were reported as frequency and percentage. Differences between two groups were analyzed by Student's t-test for continuous variables and chi square test for categorical variables. Normality was evaluated using the Shapiro-Wilk W test. Sex and comorbidities including hypertension, diabetes, dyslipidemia, atrial fibrillation, a history of infective endocarditis, and MAC characteristics were included in multivariate models. Incremental value was assessed by comparing the global χ2 value for each model. A two-sided P value \< 0.05 was accepted as indicating statistical significance. All data were analyzed using SPSS version 22.0 (SPSS, Chicago, IL).

Results {#sec010}
=======

Clinical characteristics {#sec011}
------------------------

[Table 1](#pone.0227753.t001){ref-type="table"} shows the baseline clinical characteristics of patients. Group 2 had a higher incidence of male patients, and patients were more likely to have diabetes mellitus, dyslipidemia, atrial fibrillation and a history of infective endocarditis compared to group 1. Mean age and blood pressure did not differ between the two groups. Mean value of eGFR and prevalence of end stage renal diseases were similar in the two groups.

10.1371/journal.pone.0227753.t001

###### Baseline characteristics.

![](pone.0227753.t001){#pone.0227753.t001g}

  ------------------------------------------------------------------------------
                                             Group 1\     Group 2\     p-value
                                             (n = 366)    (n = 94)     
  ------------------------------------------ ------------ ------------ ---------
  Age, year                                  74 ± 11      75 ± 10      0.244

  Men, n (%)                                 123 (34)     46 (49)      0.005

  Body mass index, kg/m^2^                   23.0 ± 4.2   23.8 ± 3.7   0.666

  Systolic blood pressure, mmHg              136 ± 23     138 ± 21     0.279

  Diastolic blood pressure, mmHg             73 ± 13      73 ± 15      0.645

  Pulse pressure, mmHg                       62 ± 19      65 ± 19      0.198

  Hypertension, n (%)                        297 (81)     82 (88)      0.065

  Diabetes mellitus, n (%)                   152 (42)     49 (52)      0.042

  Dyslipidemia, n (%)                        165 (45)     57 (61)      0.005

  Hypertrophic cardiomyopathy, n (%)         21 (6)       9 (10)       0.124

  Atrial fibrillation, n (%)                 89 (24)      33 (35)      0.025

  Coronary artery disease n (%)              111 (30)     30 (32)      0.199

  Congestive heart failure, n (%)            16 (4)       5 (5)        0.434

  History of infective endocarditis, n (%)   2 (0.5)      5 (5)        0.005

  End-stage renal disease, n (%)             73 (19)      18 (19)      0.519

  Estimated GFR, ml/min/1.73m^2^             48 ± 29      43 ± 28      0.267
  ------------------------------------------------------------------------------

GFR, glomerular filtration rate

Echocardiographic characteristics {#sec012}
---------------------------------

[Table 2](#pone.0227753.t002){ref-type="table"} displays echocardiographic characteristics in the two groups. Left ventricular chamber size, ejection fraction, mass index, and left atrial volume index did not differ between the two groups. Group 2 showed a tendency of higher E/e' that did not reach statistical significance. In terms of the morphological and functional characteristics of MAC, thickness and extent of MAC were similar between the two groups. Features of MAC in group 2, however, were more frequently accompanied with the presence of mobility (15% vs. 8%, p = 0.031), typical echo-dense mass with central echolucencies suggesting caseous necrosis (24% vs. 7%, p\<0.001), and functional mitral stenosis (13% vs. 7%, p = 0.042) than MAC in group 1, as shown in [Table 2](#pone.0227753.t002){ref-type="table"}. Group 2 had higher MAC score compared to group 1 (0.50 ± 0.77 vs. 0.23 ± 0.52, p\<0.001) resulting from lower incidence of MAC score 0 and higher incidences of MAC score 1, 2, and 3 in group 2. [Fig 1](#pone.0227753.g001){ref-type="fig"} shows representative cases of MAC in patients with or without previous stroke.

10.1371/journal.pone.0227753.t002

###### Echocardiographic characteristics.

![](pone.0227753.t002){#pone.0227753.t002g}

  -----------------------------------------------------------------------------------
                                                Group 1\      Group2\       p-value
                                                (n = 366)     (n = 94)      
  --------------------------------------------- ------------- ------------- ---------
  LV end diastolic dimension, mm                49 ± 7        50 ± 7        0.582

  LV end systolic dimension, mm                 33 ± 8        34 ± 8        0.873

  LV ejection fraction, %                       65 ± 11       62 ± 12       0.749

  LV mass index, g/m^2^                         119 ± 36      128 ± 50      0.602

  Left atrial volume index, ml/m^2^             51 ± 22       55 ± 22       0.602

  E velocity, m/s                               0.94 ± 0.31   0.99 ± 0.30   0.784

  A velocity, m/s                               1.09 ± 0.33   1.08 ± 0.33   0.793

  e', cm/s                                      4.70±1.58     4.52 ± 1.47   0.814

  E/e'                                          22 ± 9        24 ± 10       0.073

  RV systolic pressure, mmHg                    37 ± 15       37 ± 13       0.828

  **Characteristics of MAC**                                                

      Thickness                                 6.3 ± 4.2     6.3 ± 3.7     0.854

        0--10 mm                                301 (82)      76 (81)       0.764

        10--20 mm                               51 (17)       18 (19)       0.544

        \> 20 mm                                3 (0)         0 (0)         1.000

      Extent, n (%)                                                         

        Posterior annulus only                  228 (63)      59(63)        0.516

        Anterior annulus only                   7 (2)         0 (0)         0.354

        Bilateral annuli                        131 (36)      35 (37)       0.810

      Presence of mobility, n (%)               28 (8)        14 (15)       0.031

      Caseous necrosis, n (%)                   25 (7)        23 (24)       \<0.001

      Functional mitral stenosis, n (%)         24 (7)        12 (13)       0.042

      Significant mitral regurgitation, n (%)   51 (14)       15 (16)       0.361

  **MAC score**                                 0.23 ± 0.52   0.50 ± 0.77   \<0.001

      MAC score 0, n (%)                        299 (82)      61 (65)       \<0.001

      MAC score 1, n (%)                        50 (14)       21 (22)       0.038

      MAC score 2, n (%)                        17 (5)        10 (11)       0.027

      MAC score 3, n (%)                        0 (0)         2 (2)         0.005
  -----------------------------------------------------------------------------------

LV, left ventricle; E, mitral inflow early diastolic filling; A, mitral inflow late diastolic filling; E/e', ratio of mitral inflow early diastolic filling to early diastolic mitral annular velocity; RV, right ventricle; MAC, mitral annular calcification

MAC characteristics in association with stroke {#sec013}
----------------------------------------------

Univariate analysis identified men, dyslipidemia, atrial fibrillation, history of infective endocarditis, MAC with mobility and, typical echo-dense mass with central echolucencies suggesting caseous necrosis to be associated with previous stroke ([Table 3](#pone.0227753.t003){ref-type="table"}). MAC score was significantly associated with stroke (p = 0.004). On multivariate analysis, MAC score remained independently associated with previous stroke after adjustment for age, sex, dyslipidemia, atrial fibrillation, and history of infective endocarditis. Compared with MAC score 0, MAC scores 1, 2, and 3 had increased odd ratio of 2.217, 4.106, and 20.575, respectively in association with previous stroke ([Table 3](#pone.0227753.t003){ref-type="table"}). MAC score had incremental value in association with stroke over demographic factors (age, sex) and comorbidities (hypertension, diabetes, congestive heart failure, coronary artery disease, atrial fibrillation) ([Fig 2](#pone.0227753.g002){ref-type="fig"}). History of infective endocarditis also demonstrated significant additive value in association with stroke over MAC score.

![Incremental value of MAC score and a history of infective endocarditis over demographic factors and comorbidities for association with previous stroke.](pone.0227753.g002){#pone.0227753.g002}

10.1371/journal.pone.0227753.t003

###### Logistic regression for independent factors in association with stroke.

![](pone.0227753.t003){#pone.0227753.t003g}

                             Univariate   Multivariate                                        
  -------------------------- ------------ ---------------- --------- -------- --------------- ---------
  Age                        1.009        0.988--1.030     0.427                              
  Men                        1.893        1.197--2.996     0.006     2.180    1.259--3.777    0.007
  Hypertension               1.784        0.903--3.525     0.095     1.989    0.894--4.425    0.102
  Diabetes mellitus          1.533        0.973--2.416     0.066     1.498    0.882--4.425    0.116
  Congestive heart failure   1.316        0.594--2.916     0.499                              
  Dyslipidemia               1.716        1.071--2.750     0.025     2.199    1.176--4.111    0.014
  End-stage renal disease    0.919        0.497--1.699     0.787                              
  Atrial fibrillation        6.597        1.165--3.123     0.010     1.795    1.006--3.201    0.051
  History of IE              10.225       1.952--53.57     0.006     8.702    1.457--51.980   0.017
  Thickness of MAC           1.005        0.952--1.062     0.854                              
  Bilateral MAC              1.064        0.665--1.702     0.795                              
  Functional MS              2.072        0.967--4.442     0.061                              
  MAC with mobility          2.412        1.340--4.343     0.003                              
  Caseous necrosis           3.612        1.936--6.740     \<0.001                            
  MAC score                                                0.004                              \<0.001
      MAC score 1            2.101        1.175--3.754     0.031     2.217    1.097--4.123    0.025
      MAC score 2            2.883        1.126--6.601     0.027     4.106    1.623--10.386   0.003
      MAC score 3            9.803        0.986--109.828   0.064     20.575   1.642--257.7    0.019

IE, infective endocarditis; MAC, mitral annular calcification; MS, mitral stenosis

Discussion {#sec014}
==========

The principal finding of this study is that a simple MAC score, accounting for MAC mobility, typical echo-dense mass containing central echolucencies suggesting caseous necrosis, and functional mitral stenosis, was significantly associated with prior stroke, even after accounting for traditional risk factors including atrial fibrillation. The MAC score reflects functional and structural characteristics of MAC, as assessed by echocardiography, that may contribute to stroke risk. Also, previous history of infective endocarditis showed incremental value in association with stroke in addition to high risk features of MAC.

Previous community-based retrospective and prospective cohort studies reported association between MAC and stroke \[[@pone.0227753.ref011],[@pone.0227753.ref012],[@pone.0227753.ref027]\]. Framingham heart study showed in a 7-year follow-up study of 1,159 elderly patients (mean age: 70), MAC was associated with a 2.1 increased relative risk of stroke after adjustment of confounding variables including atrial fibrillation \[[@pone.0227753.ref012]\]. Results from a relatively younger cohort of 2,723 American Indians (mean ages: 59.2) suggest similar results; during a median 7-year follow-up, MAC was associated with a 3.12 increased risk of stroke \[[@pone.0227753.ref011]\]. However, conflicting results have also been published. Results from a multiethnic cohort of 1,955 subjects (mean age: 68) revealed that MAC did not show significant association with ischemic stroke \[[@pone.0227753.ref018]\]. In the SPAF (Stroke Prevention in Atrial Fibrillation) study, MAC failed to remain significantly associated with stroke when patients with non-rheumatic atrial fibrillation were excluded \[[@pone.0227753.ref019]\]. The association between MAC and stroke was questioned by investigators who suggested that MAC is merely associated with other cardiovascular risk factors for stroke, such as age, hypertension, and atrial fibrillation \[[@pone.0227753.ref018]\]. Indeed, pathological studies supported that MAC is a form of atherosclerosis and is closely associated with incident atrial fibrillation, carotid atherosclerosis, and aortic atheroma, which are risk factors for cardioembolic and atherothrombotic stroke \[[@pone.0227753.ref015],[@pone.0227753.ref028]--[@pone.0227753.ref030]\].

Our results showed that there are certain morphological and functional characters of MAC that were significantly associated with prior stroke, supporting previous study suggesting association of MAC and stroke. To our knowledge, there were a few studies focusing on characteristics of MAC with risk of stroke. A previous cohort study showed that thickness of MAC measured by M mode was linearly associated with increased risk of stroke \[[@pone.0227753.ref012]\]. From our results, thickness of MAC did not show significant association with stroke. Rather, complicated characteristics of MAC reflected by MAC score, consisting of mobility, presence of typical echo-dense mass with central echolucencies suggesting caseous necrosis, and functional mitral stenosis, had incremental value in association with stroke over traditional risk factors for stroke. As shown in [Fig 1](#pone.0227753.g001){ref-type="fig"}, simple MAC without high risk features may not be associated with stroke and remains to be incidental findings. However, complicated MAC with many high-risk features may be a source of embolism or a more potent surrogate marker for composite risk factors for stroke and should not be neglected. Although our finding may be supporting evidence for association of MAC with stroke, due to the retrospective nature of our study, we cannot establish cause-and-effect association, and a prospective longitudinal study is needed in the future.

Interestingly, thickness of MAC did not show significant correlation with previous stroke. Results from the Framingham heart study showed that each millimeter in increased thickness of the MAC from M mode echocardiography represented a relative risk factor of 1.24 \[[@pone.0227753.ref012]\]. However, from our data, maximal thickness did not differ between patients with or without history of stroke. The incremental value of MAC scores may represent extensively formed MAC around the annulus and may better reflect the severity of MAC than thickness measured from echocardiography or binary classification of extent according to involved annuli, which showed nonsignificant association in multivariate analysis. Moreover, presence of functional mitral stenosis may elevate left atrial pressure and be prone to thrombus formation. The mobile characteristic of MAC from our study reflects the risk of embolism of MAC, which is consistent with previous studies \[[@pone.0227753.ref031],[@pone.0227753.ref032]\]. Typical echo-dense mass with central echolucencies suggesting caseous necrosis of MAC showed significant association with previous stroke in multivariate analysis. Histologically, caseous necrosis of MAC composed of an admixture of calcium, fatty acid, and cholesterol with toothpaste-like texture with caseous transformation of inner material \[[@pone.0227753.ref024]\]. This variant of MAC has not been adequately appreciated, and the precise mechanism involved in liquefaction and caseation is not well understood. The clinical implication of caseous necrosis has not been investigated much. A few case reports suggest possible association between caseous necrosis of MAC and stroke \[[@pone.0227753.ref033],[@pone.0227753.ref034]\]. Possible mechanisms of stroke and caseous necrosis of MAC include embolization of small calcific materials, thrombus from ulceration of the surface or by direct fistulization into the lumen of the left atrium or ventricle. Further studies including multimodality imaging study are needed to reveal the clinical significance of caseous necrosis of MAC. Our results also demonstrated that previous history of infective endocarditis had incremental value in association with stroke over traditional risk factors and MAC score. Pressman et al. suggested that MAC may act as a possible nidus of infective endocarditis and vegetation frequently occurring on calcific nodules, increasing affinity to specific bacterial species as S. aureus.^17^ Stroke from MAC = associated infective vegetation is likely to increase as the population ages and MAC is more prevalent in the elderly population.

This study has several limitations. First, a cause-and-effect relationship could not be determined due to the cross-sectional design of the current study. Prospective, longitudinal studies are needed to confirm the clinical implications of high risk morphological and functional characteristics of MAC. Our results, however, suggest possible high-risk features of MAC, and our results provide an impetus for further studies. Second, confirmation of previous stroke was based on documented medical records and previous brain imaging. As a consequence, a proportion of stroke may not have been included. As this was a retrospective study, classification of ischemic stroke could not be determined in some cases. Further studies are needed to determine if high-risk features of MAC are associated with certain types of stroke, such as embolic ischemic stroke. Third, lack of imaging modalities to assess MAC other than echocardiography may limit assessment of MAC severity. For example, computed tomography would be more accurate for assessing extent of MAC. We used five echocardiographic parameters to describe functional and structural characteristics of MAC to mitigate this limitation. In addition, we defined presence of caseous necrosis based on echocardiographic findings. Although pathologic confirmation was not performed, previous studies have shown that a typical echo-dense mass containing central areas of echolucencies at the posterior periannular region of the mitral valve on echocardiography is compatible with diagnosis of caseous necrosis from a surgical specimen \[[@pone.0227753.ref025]\].

Conclusions {#sec015}
===========

In conclusion, morphological and functional characteristics of MAC had incremental value in association with stroke over traditional risk factors. MAC score consisting of mobility, typical echodense mass with central areas of echolucencies suggesting caseous necrosis, and functional mitral stenosis was independently associated with stroke and may reflect stroke risk. These results build on previous prospective cohort trials by demonstrating that MAC with high risk features has incremental value in association with stroke.
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